Living organisms utilize carbohydrates as essential energy storage molecules. Starch is the predominant carbohydrate storage molecule in plants while glycogen is utilized in animals. Starch is a water-insoluble polymer that requires the concerted activity of kinases and phosphatases to solubilize the outer surface of the glucan and mediate starch catabolism. All known plant genomes encode the glucan phosphatase Starch Excess4 (SEX4). SEX4 can dephosphorylate both the starch granule surface and soluble phosphoglucans and is necessary for processive starch metabolism. The physical basis for the function of SEX4 as a glucan phosphatase is currently unclear. Herein, we report the crystal structure of SEX4, containing phosphatase, carbohydrate-binding, and C-terminal domains. The three domains of SEX4 fold into a compact structure with extensive interdomain interactions. The C-terminal domain of SEX4 integrally folds into the core of the phosphatase domain and is essential for its stability. The phosphatase and carbohydratebinding domains directly interact and position the phosphatase active site toward the carbohydrate-binding site in a single continuous pocket. Mutagenesis of the phosphatase domain residue F167, which forms the base of this pocket and bridges the two domains, selectively affects the ability of SEX4 to function as a glucan phosphatase. Together, these results reveal the unique tertiary architecture of SEX4 that provides the physical basis for its function as a glucan phosphatase.
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carbohydrate | Lafora disease | laforin | phosphorylation P lants and animals store carbohydrates as starch and glycogen, respectively. Starch is produced in diurnal cycles and is composed of <10% w∕w amylose and >80% w∕w amylopectin in Arabidopsis thaliana leaves (1) . Amylose is a linear molecule composed of glucose moieties linked by α-1,4-glycosidic linkages with very few branches. Amylopectin, which is similar to glycogen, is composed of α-1,4-glycosidic linkages with α-1,6-glycosidic branches, but amylopectin branches are arranged in clusters at regular intervals and the branches form double helices that pack together to form crystalline lamellae (2, 3) . The decreased branching and crystalline lamellae of amylopectin are key contributors to the insolubility of starch, while glycogen has more branches and is water-soluble.
Starch is a water-insoluble polymer whose surface is inaccessible to most enzymes. Recent work convincingly demonstrates that reversible starch phosphorylation and dephosphorylation is essential for processive starch metabolism (reviewed in refs. [4] [5] [6] [7] . An essential signal triggering starch catabolism is phosphorylation on the C6 position of glucose moieties on the surface of starch by glucan water dikinase (GWD/R1) (8, 9) . C6 phosphorylation triggers C3 phosphorylation by phosphoglucan water dikinase (PWD) (8, 10, 11) . Recent data suggest that C6 phosphorylation fits within the unphosphorylated structure of the amylopectin helix, but C3 phosphorylation imposes significant steric effects and is predicted to induce a conformational change (12) (13) (14) (15) . This suggests that GWD-directed C6 phosphorylation promotes local hydration of crystalline lamellae and that PWD-directed C3 phosphorylation induces helix strain. This helix strain allows substrate access to β-amylases that release maltose from the surface of the starch molecule (4). However, in order to efficiently digest the starch molecule, glucan phosphatase activity is necessary to prevent accumulation of phosphorylated starch and phosphorylated starch breakdown intermediates (16) .
All known Archaeplastida/Kingdom Plantae genomes encode for the glucan phosphatase Starch Excess4 (SEX4), but genomes outside of Kingdom Plantae lack a SEX4 ortholog (17) . SEX4 contains an amino-terminal chloroplast Targeting Peptide (cTP), followed by a dual specificity phosphatase (DSP) domain, and carbohydrate-binding module (CBM) (17, 18) . Mutations in the SEX4 gene result in substantial accumulations of starch in A. thaliana leaves due to decreased rates of degradation and the accumulation of soluble phospho-oligosaccharides (16, (19) (20) (21) . In addition to dephosphorylating amylopectin (18) , recombinant SEX4 also dephosphorylates crystalline maltodextrins (22) , starch granules isolated from A. thaliana leaves (16) , and phospho-oligosaccharides (16) . While C6 and C3 phosphorylation is carried out by two dikinases, SEX4 is able to dephosphorylate both C6 and C3 positions with similar kinetics (22) . Thus, it appears that SEX4 possesses a broader substrate specificity than the kinases, in terms of phosphate position, length of glucan, and solubility of the glucan.
SEX4 is a member of the larger glucan phosphatase family that includes the human protein laforin (17) (18) (19) . Mutations in the gene encoding laforin result in Lafora disease (LD, OMIM 254780), an autosomal recessive progressive myoclonus epilepsy (23) . A hallmark of LD is the accumulation of intracellular waterinsoluble glucans, i.e., glucose polymers linked by glycosidic bonds, termed Lafora bodies (LBs) (23) (24) (25) (26) (27) . Laforin contains a CBM and DSP, like SEX4, but in the opposite orientation. Similar to SEX4, laforin dephosphorylates phospho-glucans in vitro (28) , and LBs from LD patients and a LD mouse model have increased phosphate compared to glycogen (29) (30) (31) (32) . Strikingly, mutations in the genes encoding both laforin and SEX4 result in the accumulation of insoluble glucans (19) (20) (21) . In addition, laforin partially complements mutations in SEX4, highlighting a functional overlap between divergent glucan phosphatases (18) .
The structure, mechanism, and basis for specificity of glucan phosphatases are all unknown. Herein, we report a previously undescribed structure of a glucan phosphatase. The structure reveals that the domains of SEX4 form an integral structural unit, with extensive interdomain interactions. The unique multidomain structure of SEX4 serves to align the phosphatase active site and carbohydrate-binding face. This extended contiguous surface produces an active site incorporating both catalytic and glucan substrate binding functionalities, providing a structural model for the physical basis of SEX4 function as a glucan phosphatase.
Results
Structure of SEX4. A. thaliana SEX4 (SEX4) is a 379 amino acid protein containing three known domains: an amino-terminal cTP, a DSP domain, and a CBM family member 48 (Fig. 1A) . SEX4 (residues 90-379, C198S) was crystallized, selenomethionine single-wavelength anomalous dispersion (SAD) data collected, and the structure determined at 2.4 Å ( Table 1 ). The structure of the SEX4 glucan phosphatase reveals a unique set of extensive interdomain interactions producing a complex tertiary architecture (Fig. 1B) . The SEX4 DSP domain consists of a central fivestranded β-sheet flanked by eight α-helices ( Fig. 1C and Fig. S1 ). The SEX4 CBM domain possesses six β-sheets that fold into a characteristic compact β sandwich composed of antiparallel sheets (Fig. 1C) . C-terminal to the CBM is an extended region that possesses two α-helices (Fig. 1C) . The structure reveals an integrally folded unit composed of an N-terminal DSP domain, CBM, and a previously unrecognized domain at the C terminus.
The SEX4 DSP Domain. The DSP domain (residues 90-252) has a characteristic αβα protein tyrosine phosphatase (PTP) fold. DSP domains contain a number of conserved elements (reviewed in ref. 33) (Fig. S1 ). The SEX4 active site sequence HCTAGMGRA (residues 197-205), also known as the PTP loop (33, 34) , lies between β5 and α6 at the base of the active site cleft. The cysteine in this motif functions as a nucleophile during catalysis, attacking the phosphorous atom of the substrate and forming a phosphoenzyme intermediate (34) . The D-loop of SEX4 (residues 162-172) is arranged similarly to other DSP domains, with D166 in position to act as the general acid catalyst to enhance hydrolysis of the phosphoenzyme intermediate (33, 34) (Fig. S1 ). In addition, the variable insert and recognition domain of DSPs, including SEX4, contribute to the depth of the active site (33, 35) .
The SEX4 structure is the catalytically inactive C198S mutant and has phosphate tightly bound (Fig. S2A ). The SEX4 active site is formed by the variable insert, recognition domain, D-loop, and R-motif (Fig. S2B) . A structural search of the Protein Data Bank using DALI identifies relatively modest structural homology with protein phosphatases (36) . The closest structural homologue to the SEX4 DSP domain is a PTP from the Archaea thermophile Sulfolobus solfataricus, SsoPTP (PDB 2I6O) with an rmsd of 2.5 Å and 18% identity by sequence (37) . The limited structural similarities between the glucan phosphatase SEX4 and PTP family members are due to two features within the DSP domain and the unique C-terminal domain of SEX4.
The most striking physical differences between the DSP domain of SEX4 and other DSP domains are found within the variable insert and AYLM motif. The SEX4 variable insert (residues 131-157) is longer than many proteinaceous DSPs, including human Vaccinia virus H1-related phosphatase (VHR) (Fig. S3) . Additionally, while the variable insert of DSP domains typically contain little to no secondary structure, the variable insert of SEX4 has two α-helices (α3 and α4) with α3 forming the apex of one side of the active site cleft (Fig. 1C and Fig. S2B ). The AYLM motif, located in α6 (residues 211-214, TYMF in SEX4), is one of the few DSP motifs outside the PTP loop that is highly conserved among the DSPs (33) . This motif forms part of the extended signature sequence of the DSP family, but it is not conserved in SEX4 (Fig. S1 and S4 ). In the SEX4 structure, the final residue of this motif, F214, directly interacts with the C-terminal helix ( Fig. 2A) .
The C Terminus of SEX4 Integrally Folds into the DSP. The C-terminal domain (residues 338-379) is composed of an extended loop followed by two α-helices (Fig. 1B, 1C and Fig. S1 ). The C-terminal region of SEX4 makes the most extensive interdomain contacts with the DSP domain, with 1010 Å 2 interface accessible surface area ( Fig. 2A) . The two helical regions in the C-terminal domain intimately associate with the DSP, cradling the final helix of the DSP domain. The region following the CBM (residues 338-358), including α9, interacts with α8 of the DSP domain. The final helix, α10 (residues 361-373), associates with several regions of the DSP, interacting with α5, α6, and α8 ( Fig. 2A) .
Many dual specificity phosphatases contain little more than a DSP domain and can be readily expressed in Escherichia coli (38) (39) (40) (41) . The DSP of SEX4 cannot be independently expressed, and we hypothesized that the intimate association of the C-terminal domain with the DSP underlies this phenomenon. We identified and aligned 19 SEX4 orthologs from Kingdom Plantae genomes, including a green alga, a moss, and land plants/trees (Fig. S4) . The orthologs are 34-64% identical to At-SEX4 at the amino acid level, with the DSP domain sharing the highest degree of conservation (Table S1 ). An alignment of SEX4 orthologs demonstrates striking conservation in the DSP-contacting residues in the C terminus (Fig. 2B) . Within the C-terminal domain, α9 contains a conserved -RXRL-motif. In addition, L359, located between the two helices, is invariant. Finally, α10 contains a highly conserved -ERXXLXXXL-motif.
To determine the functional significance of this region, we generated a C-terminal deletion construct, SEX4 (90-340). The crystallized construct, containing the C terminus (residues 90-379), is produced upon induction, produces predominantly soluble protein, and is readily purified from the soluble fraction (Fig. 2C) . SEX4 lacking the C-terminal domain (residues 90-340) is also produced upon induction but is entirely insoluble with no protein recovered from the soluble fraction (Fig. 2C) . Thus, the C-terminal domain of SEX4 is necessary for soluble expression of SEX4.
The DSP and CBM Domains Interact. Based on CAZy classification (42), the SEX4 CBM domain (residues 253-338) belongs to the CBM48 family, the same family as the AMPKβ CBM. Consistent with this classification, structural analyses of the Protein Data Bank using DALI identifies AMPKβ1 (PDB 1Z0M) as the closest structural homologue (rmsd ¼ 1.3 Å, 30% identity by sequence) (43) .
The DSP and CBM domains of SEX4 directly interact with 457 Å 2 of interfacial surface area. A broad surface formed by multiple residues creates the extensive interface between the CBM and DSP domain (Fig. 3A) . Specifically, the D-loop/α5 region of the DSP possesses a highly conserved FDXFDLR motif (residues 167-173) that packs against the β7/8 loop of the CBM that possesses a corresponding LDIGWG motif (residues 274-279) (Fig. 3A ). An alignment of SEX4 orthologs demonstrates striking conservation in these DSP/CBM interacting residues (Fig. S4) . Additionally, α8 of the DSP packs against β10 of the CBM. These interactions position the two domains such that they form a continuous surface that runs the length of the enzyme.
Intriguingly, the two SEX4 molecules in the asymmetric unit differ slightly in the relative orientation of the DSP and CBM domain via a 10°rotation (Fig. 3B ). This rotation is coupled to alteration in the packing of α9 from the C-terminal domain and results in a slight flexing of the hinge region between the CBM and DSP domain. SEX4 Possesses a Unique Ligand Binding Active Site. The DSP active site is located between β5 and α6 while the carbohydrate-binding site of SEX4 is located in the deep cleft formed by the extended loop between β6 and β7 and the five-sheet face of the domain (18, 43, 44) . The unique multidomain structure of SEX4 serves to align the DSP active site and carbohydrate-binding face of the CBM into a single surface (Fig. 4A and Fig. S5 ). This extended surface produces a contiguous active site incorporating both catalytic and glucan binding functionalities. F167 is an invariant residue located in a highly conserved region within the D-loop (Fig. S5C) . F167 is physically oriented between D166 of the DSP domain and W278 of the CBM (Fig. 4A  and Fig. S5 ). D166 acts as the general acid-base catalyst to enhance leaving group expulsion in most DSPs, and W278 is a critical glucan binding residue located at the apex of the interacting regions ( Fig. 4A and Fig. S5) (33, 34) . F167 forms the base of the bridge that connects the CBM binding site to the DSP active site.
Most DSP family members possess a short chain hydrophilic residue, S/T/N/H, at the position corresponding to F167 (Fig. S5C) . Only one other DSP, VHZ, contains a phenylalanine residue in the same position.
Based on the structure, we predicted that F167 functions in coupling the substrate binding and catalysis functions of SEX4 by positioning the phosphoglucan directly into the extended SEX4 catalytic cleft. To test this prediction, we mutated F167 to a serine, tyrosine, and methionine. Proteins were expressed, purified, and assayed for phosphatase activity. We assayed both glucan phosphatase activity, utilizing amylopectin (Fig. S5D) , and generic phosphatase activity, utilizing the exogenous substrate para-nitrophenylphosphate (p-NPP) (Fig. S5E) . We then compared the ratio of these two activities (i.e., glucan activity/ generic activity) to determine specific glucan phosphatase activity (Fig. 4B) . F167S, a short chain hydrophilic residue most commonly found across the DSP family, showed decreased specific activity as a glucan phosphatase, supporting the hypothesis that F167 specifically functions in SEX4 glucan phosphatase activity. F167Y, which is expected to minimally physically perturb the system, but whose hydroxyl would partially occlude the glucan binding site of the CBM, substantially decreases the glucan phosphatase activity of SEX4 without affecting p-NPP activity. Of note, F167M, the corresponding residue in the glucan phosphatase laforin, did not impact the specific glucan phosphatase activity of SEX4. Cumulatively, these data demonstrate a role for F167 in the glucan phosphatase activity of SEX4.
Discussion
Our data demonstrate the essential tertiary architecture necessary for the glucan phosphatase activity of SEX4. The SEX4 structure reveals multiple features unique to SEX4 compared to other DSPs, including a variable insert that contains two α-helices, adaptation of the AYLM motif for interdomain interaction, a novel C-terminal domain that is structurally integrated into the DSP domain, extensive DSP-CBM interactions that align the DSP active site and CBM binding site into a common pocket, and a channel formed by the CBM-DSP interface. These features serve to structurally differentiate SEX4 from phosphatases that dephosphorylate proteinaceous substrates.
The majority of phosphatases are protein phosphatases (45) (46) (47) (48) . The PTP superfamily is divided into the classical PTPs that dephosphorylate only phosphotyrosine; the DSPs that dephosphorylate phosphotyrosine, phosphoserine, and phosphothreonine; and a subset of DSPs that dephosphorylate nonproteinaceous substrates (35, 47, 49, 50) . Within the PTP superfamily, the depth of the active site contributes a significant portion to substrate specificity (33, 47) . The active site depth of proteinaceous DSPs is ≈6 Å, allowing access of both pS/T and pY (33, 51) . Alternatively, tyrosine-specific PTPs possess an ≈9 Å cleft, allowing the longer pY access but limiting the shorter pS/T (33, 52). The nonproteinaceous phosphoinositol phosphatases phosphate and tensin homolog (PTEN) and myotubularinrelated protein 2 (MTMR2) have an 8 Å and 13 Å deep pocket, respectively, with an elliptical opening nearly twice as wide as the tyrosine-specific PTP1B (53, 54) .
The unique active site cleft of SEX4 forms a 21 Å pocket from phosphatase active site to CBM glucan binding region. If SEX4 requires simultaneous engagement of both glucan binding and phosphatase domains by a single substrate, then it would minimally require a glucan composed of approximately five to six glucose moieties (i.e., phospho-maltopentaose or -hexaose) to span this region. Therefore, it would require a linker region of three to four glucans to span the two sites, with an additional glucose bound at the CBM and a phospho-glucose moiety at the active site. Our data demonstrate that F167 is a critical residue for SEX4 glucan phosphatase activity. F167 bridges the two domains and physically links the CBM binding site to the DSP active site. It is tempting to speculate that F167 functions by positioning the linker region so that the phosphoglucan is properly presented to the SEX4 active site. In addition to the 21 Å wide pocket, the DSP-CBM interface also forms a channel on the face of the enzyme that contains both the glucan binding site and DSP active site. This deep interfacial channel terminates at the open binding pocket positioned between DSP active site and the CBM binding site. This open CBM terminus suggests a physical basis by which SEX4 could accommodate both linear phospho-oligosaccharides and also longer nonlinear phosphoglucan substrates, such as those found in the starch granule surface. In addition to these features, the SEX4 structure reveals that the C-terminal domain of SEX4 integrally binds to the DSP domain, and our results demonstrate that this domain is essential for protein stability. As previously noted, the AYLM motif, located in α6 (residues 211-214), is one of the few DSP motifs outside the PTP loop that is highly conserved among DSPs (33) . However, this motif is not conserved in any of the known glucan phosphatases, including SEX4. In SEX4, the final residue of this motif, F214, directly interacts with the C-terminal helix. The interaction between F214 and the C-terminal helix suggests that the AYLM motif is adapted in SEX4 to support DSP domain interaction with the C-terminal domain and may prove a general feature of glucan phosphatases.
While the C-terminal domain is essential for maintaining the fold and stability of SEX4, the CBM is essential for substrate binding. The interdomain orientation of the DSP domain and CBM is essential for glucan phosphatase activity of SEX4. Interestingly, the overall positioning of the SEX4 DSP and CBM domains are quite similar to that of the phosphatase and C2 domains of PTEN, with the equivalent elements in the phosphatase domain, D loop/α5 and α8, employed in the interdomain interaction (54) .
Previous data from H/D exchange mass spectrometry of SEX4 indicated that no major interdomain conformational change occurred in SEX4 upon substrate binding (55) . Our data are consistent with this conclusion but suggest that some rotation of the DSP/CBM interface is possible. Intriguingly, the two SEX4 molecules in the asymmetric unit differ by a 10°rotation that alters the packing of α9 from the C-terminal domain. This rotation provides a possible manner to regulate substrate entry, which we are currently investigating. SEX4 dephosphorylates both the starch granule surface as well as soluble phosphoglucans (16) . In addition, SEX4 can dephosphorylate both the C3 and C6 position of glucose (22) . Therefore, SEX4 possesses a broad substrate specificity and must accommodate both different glucans (i.e., soluble and crystalline) as well as differently positioned phosphates (i.e., C3 versus C6). We are currently investigating if this conformational lability accommodates binding to inherently chemical heterogeneous glucans and/or allows processive substrate dephosphorylation. The SEX4 structure begins to address how the enzyme manages these sterically different substrates.
Materials and Methods
Protein Expression and Purification. Cloning of Arabidopsis thaliana SEX4 was previously described (18) . Based on data from secondary structure predictions, disorder predictions, and deuterium exchange mass spectrometry experiments, we generated a construct of A. thaliana SEX4 lacking the first 89 amino acids (Δ89-SEX4) (55) . Δ89-SEX4 lacks the cTP (predicted to be residues 1-54) along with residues up to the DSP recognition domain (Fig. S1) . Δ89-SEX4, point mutants, and Δ89-SEX4(90-340) were subcloned into pET28 (Novagen) using NdeI and XhoI to encode HIS 6 , a thrombin cleavage site, and SEX4. BL21-CodonPlus Escherichia coli cells (Stratagene) or T7 Express Crystal (NEB) were transformed with expression vectors for production of native and selenomethionine labeled protein, respectively. Cells were grown at 37°C in 2 × YT or M9 supplemented with 100 mg∕L selenomethionine to an OD 600 ¼ 0.6, placed on ice for 20 min, induced with 1 mM isopropyl β-D-thiogalactoside (IPTG), grown at 20°C for 16 h, and harvested by centrifugation. Cells were lysed in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 15 mM imidazole, and 2 mM dithiothreitol (DTT), centrifuged, and proteins were purified using a Profinia IMAC column (Bio-Rad) with a Profinia protein purification system (Bio-Rad). Protein was dialyzed in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 2 mM dithiothreitol (DTT) overnight at 4°C in the presence of thrombin. Protein was then reverse purified over the Profinia IMAC column. Protein was purified to homogeneity using a HiLoad 16∕60 Superdex 200 size exclusion column (GE Healthcare).
Crystal Structure Determination. Single high quality crystals, with two protein molecules in the asymmetric unit, were obtained via hanging drop vapor diffusion using a Mosquito crystallization robot (TTPLabtech) with a 200 nL drop using a 100∶100 mixture of selenomethionine labeled SEX4 (12 mg∕mL): 0.4 M lithium citrate and 24% PEG3350. Crystals were briefly soaked in 21% PEG3350 and 0.5 M ammonium hydrogen phosphate and then flash frozen. SAD data was collected at the selenomethionine peak wavelength, based on a fluorescence energy scan, on the 22-ID beamline of SER-CAT at the Advanced Photon Source, Argonne National Laboratory (Table 1) . Data was processed using HKL2000 (56) . PHENIX (57) , employing HYSS (58), PHASER (59) , and RESOLVE (60), was used to locate all twelve expected selenomethionine sites, obtain phase information, perform density modification, and generate an initial structural model. The structure was then fully built and refined via iterative model building and refinement using Coot (61) and Refmac5 (62), respectively (Table 1) .
Structural and Sequence Analysis. Interdomain interfaces were analyzed using PROTORP (63) . Molecular graphics were prepared using the programs Pymol and MOLMOL (64) . The sequences of A. thaliana SEX4 orthologs were obtained by performing tBLASTn searches using the GenBank "dbEST" database or BLASTp and PSI-BLAST searches using GenBank "eukaryote genome" and "nonredundant" (nr) databases, PlantGDB, Department of Energy Joint Genome Institute Resource, and Phytozome. Amino-acid sequences of SEX4 orthologs were aligned by ClustalW and refined manually using MacVector.
Phosphatase Assays. Phosphatase assays utilizing p-NPP have been previously described and were performed with the following modifications (18, 28) : Hydrolysis of p-NPP was performed in 50 μl reactions containing 1X phosphatase buffer (0.1 M sodium acetate, 0.05 M bis-Tris, 0.05 M Tris-HCl pH 6.0, 2 mM dithiothreitol), 50 mM p-NPP, and 100-500 ng of enzyme at 37°C for 15-20 min. The reaction was terminated by the addition of 200 μl of 0.25 M NaOH and absorbance was measured at 410 nm. Malachite green assays were performed as previously described with the following modifications (65): 1X phosphatase buffer (0.1 M sodium acetate, 0.05 M bis-Tris, 0.05 M Tris-HCl pH 8.0, 2 mM dithiothreitol), 100-500 ng of SEX4, and 45 μg of amylopectin (Sigma) in a final volume of 20 μl. The reaction was stopped by the addition of 20 μl of 0.1 M N-ethylmaleimide and 80 μl of malachite green reagent. Absorbance was measured after 40 minutes at 620 nm. Specific glucan phosphatase activity is expressed as phosphate release from amylopectin divided by the specific activity against p-NPP.
